The biomass-based energy sector will play an important role in our drive towards renewable energy. Switchgrass has been identified as one of the candidate-dedicated energy crops in the USA because of its various desirable traits. However, many challenges still exist in ensuring a commercially viable switchgrass crop that is sustainable and techno-economically feasible. This article reviews the existing literature to highlight those challenges and potential solutions and recommendations to address those in the future. Various stages in the switchgrass-based biofuel system, namely crop production, provision and logistics, and conversion, are analysed. For each of these stages, the important challenges as reported in the literature are mentioned, and research gaps are identified. The systems-level issues as well as the challenges associated with the practical implementation of switchgrass production are also highlighted. The review illustrates that although switchgrass is a viable biofuel feedstock, considerable progress is necessary to achieve large-scale practical success.
Introduction
The biomass-based energy sector will play an important role in our drive towards renewable energy [1] . Lig- nocellulosic sources of biomass, such as forest residue, dedicated energy grasses, agricultural residue and shortrotation woody biomass will constitute a major component of the supply required to meet the expected demands [2] . Switchgrass has been identified as one of the candidate energy crops in the USA because of its various desirable traits [3] . Consequently, significant progress through dedicated research efforts has been made in developing switchgrass as a biofuels crop. However, many challenges still exist in ensuring a commercial switchgrass crop that is sustainable and techno-economically feasible [4] [5] [6] . Figure 1 shows the important stages in the switchgrassto-bioenergy value chain, namely, production, provision and conversion, and identifies the important scientific and technological challenges associated with each of these stages. These challenges span multiple disciplines, including crop science, agronomy, engineering, logistics and chemical processing. Moreover, law, policy and regulation also play a key role in enabling the success of the switchgrass production sector.
The goal of this article is to review the existing literature on the development of switchgrass as a fuel crop and identify these challenges in a systematic manner. The article also elaborates on potential solutions and recommendations to address those challenges. The article will focus primarily on the issues of crop development, particularly Switchgrass to bioenergy value chain and the scientific and technological challenges associated with each stage along the value chain those relating to the engineering aspects of switchgrass production and provision.
Switchgrass: Overview
Switchgrass (Panicum virgatum L.) is a perennial warmseason C4 grass that is native to North America, and was one of the dominant species in the tall grass prairies [7] .
Evolution of millions of years has resulted in a rich diversity of the germplasm of switchgrass that is distributed throughout the North American plains [8] .
Remnants of switchgrass as part of the natural prairies have been found extending the length and breadth of the North American continent [9] . Switchgrass can be found in two different ecotypes: lowland ecotypes and upland ecotypes. Lowland plants are taller, thick-stemmed and more suited to wetter conditions. In comparison, the upland plants are shorter, thinner and adapted to drier conditions [10] . Although agronomic research on switchgrass started in the 1940s, focus on switchgrass increased substantially after it was proposed as a model species for bioenergy crops by the US Department of Energy in 1992. The primary reason for its selection as a model biofuel crop is the various desirable traits it exhibits, including relatively high yield, low water and fertilization requirement, reliable productivity across a wide geographical range, reduced soil erosion, carbon sequestration and enhanced wildlife habitat. For the USA, the concern of species invasiveness also does not exist since it is a native species. These advantages have been researched and reported in the literature [3, 5, 7, [11] [12] [13] . It should be noted that switchgrass has been used extensively in the past as a forage crop, since many of the attributes such as high yield and low inputs are also important for a forage crop [14, 15] . Recently, there has been interest in continuing the use of switchgrass as a forage crop along with its use as energy feedstock for dual benefits as well as to ensure an alternative market for future growers [16] [17] [18] .
Challenges in Establishment and Production
An ideal biofuel crop is characterized by high yield, low environmental impact and minimal inputs. Although switchgrass exhibits these characteristics to some extent, significant progress is needed to achieve large-scale commercial success. The important challenges in the area of switchgrass production comprise establishment, yield improvement and crop management [6] . Improvements in crop establishment include ensuring high seed emergence, improved cold tolerance and overwintering and improved yield during the initial years.
Long-term yield improvement is also critical since it leads to a better return on investment. Similarly, improvement and optimization of crop management techniques, such as fertilization, weeding and irrigation can benefit substantially through improved yields and better crop quality.
One approach, based on advances in crop sciences and plant biology, is to develop new varieties and cultivars of switchgrass with improved traits, including higher yield, better cold tolerance, increased abiotic and biotic stress tolerance, reduced water requirement, improved water use efficiency and reduced fertilization need. These improvements need to be achieved through investments in hybridization, genetic transformations or both [10] . Using genomics, transgenic biotechnology and systems biology to modify the chemical composition of the crop so as to reduce bioconversion recalcitrance through reduction in lignin content is another future challenge [19, 20] . This has been successfully achieved for alfalfa (lucerne), resulting in doubling of the sugar yield and also eliminating the need for pretreatment [21] . Low lignin content may, however, increase the problem of lodging and increase biomass losses during harvesting. [24] used the EPIC model to simulate switchgrass yield for different nitrogen application rates as well as for different climate change effects (higher CO2 and temperature). Table 1 compares the predicted and measured switchgrass yields for these studies as well as for Grassini et al. [25] . Wullschleger et al.
[26], Miguez et al. [27] and Tulbure et al. [28] have compared the predicted and measured yields for multiple sites in the USA, and the results are not reported here for the sake of brevity. A number of field trials have also been initiated to address these challenges. Lemus et al. [29, 30] evaluated 20 populations in a field study in southern Iowa, USA. Although the lowland cultivars outperformed the upland cultivars, the authors suggested that better understanding of the impact of winters on the lowland varieties was needed. Similar field evaluations have been performed for different switchgrass varieties in the USA [31] , as well as elsewhere, including Greece and Italy [32] [33] [34] , China [35] , Germany [36] and Quebec, Canada [37] . The objective of the last study was to understand the performance of switchgrass in regions with a short growing season.
Standardized crop management techniques, such as fertilization and weeding, must also be developed and optimized to achieve higher yield. Some studies reported previously to evaluate the cultivars also quantify the impact of management practices on the yield of different varieties. Wang et al. [38] reviewed the literature to quantify the impact of nitrogen and precipitation on switchgrass yield. They found that switchgrass yield for monoculture increased significantly with the application of nitrogen fertilizer (<2001<g/ha/yr in most cases), and that this relationship did not depend on the age of the stand. Similar results have been reported elsewhere [36, 39] . Higher precipitation also impacted the yield in monocultures [38] . Waramit et al. [40] found that higher nitrogen application also increased forage quality, which might be important from a farmer's standpoint. Cutting date and frequency have also been studied to optimize the biomass output. A two-cut system enables early harvest of high-moisture switchgrass for forage and a second harvest at the end of the season for bioenergy. Fike et al. [41] compared one-cut and two-cut harvesting systems in southeastern USA, and found that a two-cut system yielded higher biomass on average, and this increase was up to 36% for upland cultivars. However, this trend, also reported elsewhere [30, 42] , will need to be evaluated against other possible undesirable environmental and ecological impacts. For example, it has been reported that a single-cut system led to much lower nitrogen content in the biomass removed as compared with a two-or multicut system [43, 44] . Monti et al. [45] found that a two-cut system for southern European Union (EU) climatic conditions increased the total ash content of the biomass and also reduced the vigour and productivity beyond the second year. Roth et al. [46] recommended not harvesting some switchgrass fields at all during a given year to aid bird habitat. However, such practice would be economically highly undesirable. The timing of the harvest is also important. Late harvest of switchgrass in the fall has been recommended for environmental and agronomic reasons [47] . This includes benefits in terms of lower ash content, lower moisture and nutrient translocation, leading to lower nutrient removal. However, delayed harvest reduces the harvestable yield due to field losses [48] , which must be weighed against the environmental benefits. The impacts of other management practices have also been quantified, including investigating the establishment in four seedbed preparation treatments (sowing, rolling before sowing, rolling before and after sowing and no till) for two varieties (small and large seed types) [49] ; quantifying the impact of row spacing [50] ; studying the impact of soil moisture on the plant growth, yield and reproduction [51] ; and determining the effects of N fertilization and harvest frequency on soil CO2 flux, soil microbial biomass carbon and potentially mineralizable carbon [52] . It was evident from this review that substantial progress is needed to lead to standardized management practices. As mentioned later in the manuscript, this lack of standardization often discourages farmers from growing switchgrass.
Christian [53] showed that weeds may cause problems in the establishment of switchgrass, and the problem was exacerbated by the non-availability of established herbicides along with recommended application rates. This lack of knowledge can significantly impact the success rate of switchgrass plots in early years. Miesel et al. [54] compared four different weed management techniques in southwestern Wisconsin, USA that mostly included chemical treatments. Buhler et al. [55] , however, proposed an integrated management approach in combination with herbicides that considered cultural practices such as site preparation, using weed-free seed, fallowing, selecting the proper planting dates, companion crops and controlling weeds in previous crops.
Insects and plant pathogens can also significantly impact the yield and quality of biofuel crops. This is especially true when we consider the large land area that will be required to grow switchgrass in the future. However, there is currently very little understanding about the possible insects and pathogens that might impact these crops [19, 56] . Therefore, those must be intensively examined in order to assist breeders to develop the necessary genetic resistance, as well as agronomists and plant pathologists to develop integrated pest and pathogen management strategies [57] [58] [59] . Another important challenge in crop establishment and management is the yield uncertainty and variability. There is limited understanding of the long-term yield of switchgrass for established stands [31] . The spatiotemporal analysis by Tulbure et al. [28] showed that switchgrass yield can vary considerably because of climate.
The authors also argued that since only the land that is less suited for agriculture will be used for switchgrass production, it will lead to temporal yield variations, which will require careful operational planning. Fike et al. [31, 41] recommended that management strategies (cultivar selection, fertilization and harvest frequency) should be site-and cultivar-dependent. Such site-specific methods can be developed using remote-sensing-based approaches.
However, information specific to novel energy crops, such as which biophysical property to study and which sensing method is most useful, has been lacking [60] . Research, therefore, is needed in that field. It has also been observed that the real yields of switchgrass are often much lower than those observed on test plots. The yield reduction might be the result of several factors including weed competition, pests, disease and spatial variation of soil features such as soil N, P, moisture and pH, as well as between soil parameters [61] . This further emphasizes the need for site-specific methods based on remote sensing techniques.
A better understanding of the environmental costs/ benefits of switchgrass production is also essential [62, 63] . The key challenge here is to quantify these costs/ benefits with reasonable accuracy so that they can contribute towards a comprehensive systematic assessment of the biofuel sector, such as that based on life cycle impact assessment. A diverse set of environmental indicators such as nitrogen run-off, soil erosion, sediment yield, soil carbon loss/gain and greenhouse gas (GHG) emissions have been quantified for different regions, cultivars and management practices. This makes the standardization of the benefits/costs very difficult. Similar to yield, these benefits will be a function of regional soil type, climate and management practices. In a number of recent efforts, researchers have tried to study these factors through field experiments. They have also studied the effect of different management strategies on the ecological and environmental impacts. Many studies concluded that switchgrass production led to overall benefits [36, 39, 64] . However, there have also been some studies that were not as conclusive. Chamberlain et al. [65] studied the impact of switchgrass cultivation on long-term carbon and nitrogen budgets and concluded that the conversion from unmanaged grasses to switchgrass resulted in annual increases of net GHG emissions. Ma et al. [66] suggested that studies for longer periods were necessary to understand the carbon dynamics subsequent to switchgrass establishment. Skinner and Adler [67] quantified the CO2 fluxes during the establishment and early production years of a young switchgrass stand in the northeastern USA. They concluded that the switchgrass field was a net CO2 sink for the first 3 years, but became a source in the final year, because of increased removal of C as harvested biomass. Smeets et al. [68] reported that for the European setting, the substitution of fossil fuels by biomass from perennial grasses reduced GHG emissions only if the perennial grasses were grown on agricultural lands (cropland or pastures). Similar results were reported for Argentina by van Dam et al. [69] . This result, however, contradicts the important argument in favour of switchgrass: that it can be grown on marginal lands rather than on agricultural land. Tilman et al. [70] proposed low-input high-diversity (LIHD) plots for producing bioenergy feedstock for greater sustainability. However, Wang et al. [38] have found that the total switchgrass productivity for such plots was half that of monoculture. Such plots, therefore, might not be economically feasible. In the future, these discrepancies in the scientific conclusions must be resolved before making key policy decisions.
Challenges in Switchgrass Provision
Successfully addressing the challenges presented in the previous section will lead to the development of lowinput, high-yield switchgrass cultivars. However, the processing of switchgrass to value-added product, such as ethanol or chemicals, will take place at large biorefineries.
Therefore, switchgrass provision from on-farm production to the biorefinery constitutes a very critical and necessary link [71, 72] . Here, low energy and bulk densities, regional and distributed availability, and seasonal supply create unique challenges that need to be addressed in order to achieve a sustainable and techno-economically feasible biofuels sector. Various possible operations as part of feedstock provision from farm to the biorefinery are: harvesting, conditioning, post-harvest packing, handling, in-field transportation, storage, mechanical or chemical pre-processing and long-distance transportation.
Harvesting and conditioning of the novel energy crops such as switchgrass pose new challenges because they are different from most forage crops and, therefore, may require new harvesting technologies to be developed. Although harvesting of switchgrass using the existing equipment for hay is technically possible, it may not be techno-economically efficient. For example, when an existing mower-conditioner (Bovolenta model F 3120-FC) was used to harvest switchgrass in Italy, the average uncut biomass through mower swinging was 29% [73] . Such losses must be avoided to achieve cost efficiency.
The design of new equipment requires fundamental understanding of the crop properties, including the morphological properties such as the distribution of vascular bundles in stems, degree of lignification and geometric size of the stem, as well as biomechanical properties such as elastic modulus, tensile stress and shear stress [74] [75] [76] .
Yu et al. [77] showed that the ultimate tensile and shear stress for switchgrass is substantially different from wheat and rice straw. However, more studies are needed to determine these parameters for different switchgrass cultivars and under different conditions of moisture and maturity. The availability of such data will significantly aid the development of more efficient harvesting machines.
One of the major challenges in switchgrass provision is the low bulk density of the material. Size reduction and/or densification are, therefore, essential to improve supply and storage efficiencies. However, mechanical comminution and compression of dry grasses often represents a major portion of the supply costs, with some estimates placing it at 20-40% of the total biomass-to-biofuel cost [78] . [77] also found that shear was the weakest mode of failure and, therefore, grinders using knives, shear bars and mechanical pinch points were expected to be more energy efficient. They also proposed that tensile-dominant size reduction should be conducted early in the harvest process and at a high moisture content to minimize energy consumption for grinding. From an energy consumption standpoint, Miao et al. [82] found that the specific energy consumption (in kJ/kg of dry matter) of switchgrass comminution and the aperture sizes of the milling screens were related in power-law forms. This relationship meant that as the target particle size reduced, the energy requirement increased substantially, which has implications on the particle size that can be delivered to the biorefinery for conversion. Biomass moisture significantly influenced comminution energy consumption, especially for finer size reduction. A number of researchers are currently focusing on this area [83] [84] [85] . Much work still needs to be done before these results can be translated into an engineering design, which will be the next major challenge in this field.
Baling is a readily available packing and densification solution, which will be easier to implement given that farmers are used to this technology. However, it is not very efficient in terms of storage and transportation due to relatively low bulk densities (150-200 kg /m3). Pellets and briquettes are options that provide substantial densification. However, there is limited understanding regarding the performance of these equipment, and the storability and durability of the pellets/briquettes. Kaliyan and Morey [86] studied the characteristics of switchgrass to understand the densification and binding mechanisms, and to determine the optimum densification conditions for the commercial production of pellets/briquettes. They also studied the use of natural binders such as starch and fat to make durable bonding in pellets/briquettes [87] , and other related aspects [88, 89] . Miao et al. [82] found that the specific energy consumption for densification was much lower as compared with that for size reduction. However, it must be noted that their calculations did not include the total energy consumption for the operation of the equipment, which could be substantially higher. [93] showed that in a large-scale switchgrass production system, multiple storage options, including on-farm open, onfarm covered, ensiling and centralized covered, will need to be implemented to minimize cost. The total biomass (dry matter) must be preserved for direct combustion or thermochemical conversion of switchgrass. However, the quality changes during storage are equally important, especially for the biochemical conversion, because the extractives in switchgrass may contain substantial amounts of fermentable carbohydrates, and their loss during storage could significantly affect the conversion processes [94] . Wiselogel et al. [95] showed that open storage of switchgrass bales led to 8-10% loss in the total extractives of switchgrass when exposed to high rain. They also reported increased ash content during storage. More such studies must be conducted to lead to functional relationships between quality change, environmental factors and time in storage. Without those, the designing of appropriate storage facilities will be sub-optimal. Innovative approaches of storage that combine quality preservation with conversion to low-volume, high-quality intermediates through pre-treatment should be explored [96] . Such alternatives, if installed on individual farms, can significantly improve the overall efficiency of the switchgrass provision system. From an operational point of view, field workability as a function of weather will be an important factor that has not been given sufficient attention. Field workability reflects the ability to perform field operations using the available pieces of equipment and is often quantified in terms of the probability of working day [97] [98] [99] . Shastri et al. [100] recently showed that ignoring the probability of working day led to up to an 80% increase in the actual production cost of switchgrass or up to 30% greater investment in machinery. As mentioned earlier, late harvest is recommended for a single-cut system. It must be evaluated in combination with the regional weather patterns before the optimal harvesting window is identified.
Challenges in Switchgrass Processing
The conversion of lignocellulosic materials such as switchgrass to value-added products, including ethanol, chemicals, heat and power, has been intensively studied in the last few years. Many scientific challenges in switchgrass processing are common to other lignocellulosic feedstock such as corn stover, Miscanthus, poplars and forest residue. Keshwani and Cheng [101] reviewed the developments specific to switchgrass processing.
The use of lignocellulosic feedstock for direct combustion has been practiced for a long time, especially in Europe. This includes burning wood pellets in domestic space heaters as well as co-firing of biomass with coal in power plants to generate electricity. The technology to perform these operations has matured significantly [102] [103] [104] . A major challenge to establish this sector is retrofitting the existing pulverized coal power plants to handle biomass. From a processing standpoint, biomass used for direct combustion must have low ash, nitrogen and moisture content. These requirements have implications on production operations such as the harvest date and the storage method. The processing of biomass into liquid fuels and chemical, however, still faces substantial technological barriers [105] . There are primarily two routes of biomass processing: thermochemical (gasification and fast pyrolysis) producing syngas, bio oil and other chemicals, and biochemical producing ethanol. A significant amount of literature has been devoted in recent times on identifying and addressing those challenges [106] [107] [108] [109] . For thermochemical processing, some of the challenges are similar to those for direct combustion. For biochemical processing, achieving efficient pretreatment to separate lignin from cellulose and hemicellulose is the most important challenge [110] . A number of different technologies such as dilute acid pretreatment, steam explosion, ammonia fibre expansion (AFEX) and ionic liquids have been proposed, without any being shown to be clearly better than others. The performance of each process may differ for different feedstocks and the design parameters need to be optimized for switchgrass. After pretreatment, the conversion of cellulose to ethanol via hydrolysis and fermentation is well understood and the primary challenge here is cost reduction. The enzymes currently available at the commercial scale are costly, impacting the economics of ethanol production. The conversion of lignin and hemicellulose into value-added products, however, is an important scientific challenge [111] . Unlike cellulose, hemicellulose includes five carbon sugars (pentoses), and the utilization of those sugar molecules during fermentation has been difficult [112] . The energy-water nexus must also be addressed [113] . The current estimates of Table 2 Comparison of the total switchgrass production costs reported in the literature; the values have not been converted to a common year.
Study (reference)
Cost of production Note Shastri et al. [117] Kumar and Sokhansanj [120] Khanna et al. [125] Duffy [126] Epp lin [127] Sokhansanj et al. [128] Smeets et al. [68] Hallam et al. [129] Optimized cost for southern Illinois Exact cost depended on the scenario selected; values do not include the establishment cost Breakeven cost for Illinois excluding the land rent Assumed high establishment cost and considered only covered storage option Considered the establishment cost of switchgrass Included establishment cost 100 km collection radius; the exact value depended on the specific region in Europe and the potential yields and labour costs in those regions water consumption for switchgrass processing are quite high and range from 1.9 to 9.8 gallons per gallon of ethanol [114] . Such a high water consumption rate may exclude a number of regions with water shortages as potential biorefinery locations. Therefore, the water-use efficiency must be improved.
Specifically for switchgrass, the impact of different varieties of switchgrass on the conversion processes must be understood. This is necessary to operate the processes under the optimal conditions, thereby improving the overall efficiency [115] . Hu et al. [116] found that although the bulk chemical profiles for the four populations of switchgrass were comparable, they were different for leaves, internodes and nodes of switchgrass. These results have emphasized the need to link switchgrass production and conversion research efforts.
Systemic Challenges
Although improvements in individual operations in switchgrass production, provision and conversion are essential, it must also be ensured that these operations work together efficiently. This calls for a strong emphasis on conducting systems analysis using existing and innovative systems-theory-based approaches. Without such an analysis, the resulting system might consist of a combination of optimal operations that may not necessarily provide an optimal integrated system. Such analyses have been conducted in the recent past in the areas of feedstock production and feedstock conversion, albeit independently. Shastri et al. [117] have developed a system level optimization model named
BioFeed that determines the optimal design and management strategy for feedstock production, and which has since been extensively applied to study different scenarios [100, 118, 119] . The simulation studies for switchgrass showed that the production cost was about 45$/Mg and was dominated by transportation (22%), harvesting (19%) and storage (13%) [117] . They also highlighted that the average transportation fleet utilization during the year could be as low as 55% of the required fleet size, which created substantial challenges from a logistical perspective. Other model-based studies have been reported in the literature [120] [121] [122] [123] [124] . The identification of the appropriate switchgrass supply system configuration is also challenging. Shastri et al. [93] showed that the selection of the optimal on-farm packing equipment differs for system level cost minimization.
Round balers were recommended for smaller farms with the total area less than 2.03 km2, while square balers were recommended for larger farms. The equipment selection was even diverse for Miscanthus and included square balers, tub-grinders and hammer mills [118] . This diversity in equipment creates problems for the biorefinery since it will receive biomass in different forms and quality. Hess et al. [130] have proposed to overcome this issue by setting up satellite storage and pre-processing centres (storage depots) that will provide biomass in a standardized format. However, the benefits of such a configuration must be carefully assessed. Shastri et al. [119] showed that making the pre-processing mandatory would in fact increase the total cost, and instead recommended making pre-processing optional. Judd et al. [124] studied a similar configuration and concluded that densification (briquetting) was not recommended for a collection radius of less than 81 km.
On the conversion side, use of process systems engineering-based approaches to optimize the biomass conversion processes has also been carried out [131] [132] [133] . The next challenge though is to move one step further and study the switchgrass production and processing systems together [134] . A number of issues at the interface of switchgrass production and conversion are still unresolved. For example, smaller particle size is preferred for processing. However, size reduction has been shown to be a very energy intensive operation [82] . The quality constraints at the process input are also not well defined.
Such issues can only be resolved through a system level analysis combining production and provision subsystems.
Another challenge for the systems analysis work would be to go beyond the traditional techno-economic analysis and address the sustainability issues by incorporating the environmental and social dimensions in the analysis. Lifecycle impact assessment (LCA) is one of the most popular methods of achieving this goal [135] [136] [137] . It has been extensively used in the recent past to study biofuels, including those derived from switchgrass [137] [138] [139] [140] . Felix and Tilley [141] used energy accounting to integrate the ultimate amount of environmental, fossil fuel and humanderived energy required to produce ethanol from switchgrass. A comprehensive life cycle impact assessment is necessary to compare different energy crops. Appropriate measures to evaluate the system performance must be identified [142] . While doing so, it must also be ensured that the assumptions and system boundaries for these studies are consistent so that the results are comparable. In recent times, a heated debate has been going on regarding the land-use change (LUC) and the indirect land-use change (iLUC) as a result of dedicated energy crop production [143] . The central issue in this debate is the disagreement over what constitutes as the appropriate system boundary. An agreement on these issues will not only lead to a clear understanding of the relative benefits of switchgrass as compared with other crops, but will also identify the appropriate management practices and technological solutions from the vast array of those available for switchgrass production.
A number of factors impacting switchgrass production cannot be deterministically known, including factors such as weather, crop maturity schedules, pest infestation and equipment breakdowns. Systems analysis work in the future, therefore, must incorporate these uncertainties to study their impacts. Co-production of switchgrass with other energy or conventional crops is also an alternative [144] . The impact of such an arrangement on the on-farm equipment and labour requirements as well as conversion process efficiency needs to be assessed.
Regulatory and Social Challenges
Although significant progress is being made in science and engineering to ensure cost-effective and sustainable production of energy crops such as switchgrass, it may not be sufficient to stimulate the growth of this sector. Sufficient and reliable markets need to exist for farmers to grow switchgrass. The process industries and investors simultaneously need the assurance of reliable supply of feedstock to build conversion plants. Policy and regulation will play a key role in ensuring the mutual growth of these two sectors. These could take various forms such as mandates, subsidies and incentives. Mandates, such as the renewable fuel standard [125] , will force the adaptation of new crops and technologies. Recently, the Biomass Crop Assistance Program (BCAP) [126] , which provides payments to eligible feedstock producers and consumers, has been implemented as an incentive for farmers to grow dedicated energy crops. A subsidy for biofuels on the other hand reduces the burden on the consumers. A careful implementation of these alternatives is necessary to lead to the intended outcomes. The regulatory authority (such as a government) is also responsible to ensure the overall sustainability of the region/country. From a bioenergy perspective, this includes overseeing the land use change, water consumption patterns, rural economic growth, commodity prices and employment. Various model-based policy analysis tools have been developed to facilitate such systemic policy assessment [127, 128] .
The development of this sector will also be governed by the collective participation, behaviour and interaction of various independent stakeholders within the agricultural production system [129] . These stakeholders include farmers, consultants, storage and transportation agencies and the biorefinery, each of whom will make independent decisions that can lead to a collective impact on the development and functioning of the system. Farmers in particular will play a critical role in the development of this system, and hence, various efforts in recent times have been devoted to understand their preferences and decision-making [129, [145] [146] [147] [148] [149] [150] . These studies are typically based on surveys and, therefore, provide very important information. They have highlighted that the introduction of a novel crop such as switchgrass on a commercial scale will be challenging. Lack of established market and standardized crop-establishment/crop-management practices were identified as the major concerns for the farmers that discouraged them from switching to dedicated energy crops. Moreover, the perennial nature of some of these crops, a benefit from an environmental perspective, is a deterrent. It delays the returns on investment for the farmers, and creates problems for reverting back to conventional crops. Farmers expect financial aid and technical support to grow these crops. Social and cultural factors also influence their decision-making. Shastri et al. [151] have developed an agent-based simulation model to study these issues and their impact on the development of the biomass feedstock production system. Their analysis for Miscanthus showed that up to 15 years were required to achieve steady regional productivity. This long transition period creates a number of challenges for the biorefinery in relation to the procurement of feedstock, and suggests that short-term alternatives such as corn stover must be made available. A similar analysis for switchgrass is required. These analyses will highlight the gap between what is theoretically possible and what might actually be realized.
Summary and Conclusions
Switchgrass has been proposed as one of the candidate crops supporting the biofuels industry. While it has a number of desirable traits that drive the strong interest, many challenges and issues still need to be addressed before it can be implemented in practice. The aim of this paper was to review the existing literature and highlight those challenges, along with potential solutions and recommendations. Many of these challenges as well as the solutions are also valid for other dedicated energy crops such as Miscanthus, energy sorghum, tropical maize and energy cane, which is a sugar cane hybrid with low sugar and high fibre content. Increasing per unit area yield, while minimizing inputs, is one of the main challenges for switchgrass production. Research efforts are needed to develop new cultivars, and evaluate those using field experiments. Moreover, crop management is expected to be cultivar, region and end-use specific. Therefore, development of integrated solutions combining cultivar selection and agronomic practices is essential. There is substantial variability in understanding the true environmental benefits of switchgrass since those are driven by a number of factors. A systematic and comprehensive assessment through multiple coordinated studies is necessary to address this challenge. From the provision perspective, solutions are required to address the low energy and bulk density of switchgrass so as to make the overall logistics cost-effective. Here, considerable research is being conducted on studying size reduction and densification operations. The findings from these studies should lead to the development of new equipment through effective engineering design, which will be one of the major challenges for the next few years. The review also pointed out the need to factor in the stakeholder interests, particularly the farmers' interests, in studying the biomass sector development. Finally, a systems approach, which transcends beyond the techno-economic analysis and incorporates the sustainability issues, must provide an overarching framework for system design and implementation. Only such an approach can provide systemic solutions that can ensure the sustainability of the overall sector.
